Neuronal maturation requires dramatic morphological and functional changes, but the molecular mechanisms governing this process are not well understood. Here, we studied the role of Rbfox1, Rbfox2, and Rbfox3 proteins, a family of tissue-specific splicing regulators mutated in multiple neurodevelopmental disorders. We generated Rbfox triple knockout (tKO) ventral spinal neurons to define a comprehensive network of alternative exons under Rbfox regulation and to investigate their functional importance in the developing neurons. Rbfox tKO neurons exhibit defects in alternative splicing of many cytoskeletal, membrane, and synaptic proteins, and display immature electrophysiological activity. The axon initial segment (AIS), a subcellular structure important for action potential initiation, is diminished upon Rbfox depletion. We identified an Rbfox-regulated splicing switch in ankyrin G, the AIS ''interaction hub'' protein, that regulates ankyrin G-beta spectrin affinity and AIS assembly. Our data show that the Rbfox-regulated splicing program plays a crucial role in structural and functional maturation of postmitotic neurons.
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INTRODUCTION
Newborn neurons in the developing mammalian CNS undergo a complex process of maturation characterized by the establishment of axo-dendritic polarity, neurite outgrowth, axon initial segment (AIS) assembly, synaptogenesis, and the formation of intricate neural circuits (Barnes and Polleux, 2009; Rasband, 2010) . The maturation process needs to be tightly regulated to ensure correct expression of cell-type-and cell-stage-specific protein repertoire. Alternative splicing (AS), a molecular process that allows the generation of multiple transcript and protein isoforms from a single gene, is increasingly being recognized as a driver of molecular diversity in the CNS (Raj and Blencowe, 2015; Vuong et al., 2016) . Transcriptomic studies based on deep RNA sequencing (RNA-seq) demonstrated that usage of alternative exons changes dramatically during brain development (Dillman et al., 2013; Weyn-Vanhentenryck et al., 2018) . While the functional significance of the majority of AS events remains unclear, striking examples of individual alternatively spliced exons were shown to control neuronal migration, axon guidance, or synapse formation (Vuong et al., 2016) .
To obtain a deeper molecular understanding of how AS regulation contributes to neuronal development and maturation, we focused on the Rbfox family of RNA-binding proteins (RBPs). This family consists of three highly conserved members, Rbfox1 (A2bp1), Rbfox2 (Rbm9), and Rbfox3 (NeuN), specifically enriched in neurons, heart, and muscle (Kuroyanagi, 2009 ). Mutations in RBFOX genes were reported in patients with autism, schizophrenia, and epilepsy (Barnby et al., 2005; Bhalla et al., 2004; Martin et al., 2007; Sebat et al., 2007; Xu et al., 2008) . At the molecular level, Rbfox proteins are known to regulate AS of neuronal transcripts by binding a specific (U)GCAUG sequence element (Jin et al., 2003; Ponthier et al., 2006) . Based on the presence of conserved motif sites and the biochemical binding footprints of Rbfox proteins in the mouse brain mapped by crosslinking and immunoprecipitation followed by highthroughput sequencing (HITS-CLIP) (Licatalosi et al., 2008) , we predicted over a thousand exons as potential Rbfox targets, many in transcripts with known functions in the adult neurons and muscle (Weyn-Vanhentenryck et al., 2014 , 2018 Zhang et al., 2008) .
The function of Rbfox proteins in the nervous system has been studied using genetically engineered mouse models. Rbfox1 knockout (KO) mice are more susceptible to seizures (Gehman et al., 2011) , and Rbfox2 KO mice show cerebellar defects and ataxia (Gehman et al., 2012 ). Yet despite the large number of predicted targets and biochemically mapped binding sites, only a few dozen transcripts were reported to undergo splicing changes in these single KO models. Even double knockdown of Rbfox1 and Rbfox3 in primary hippocampal neuronal culture resulted in relatively moderate splicing changes, and no cellular phenotypes were reported . These moderate changes are most likely due to the functional redundancy between Rbfox family members, as all three members are co-expressed in most subtypes of postmitotic neurons (Gehman et al., 2011; Kuroyanagi, 2009) , and they bind to the same (U) GCAUG sequence motif in a largely overlapping set of RNAs (Weyn-Vanhentenryck et al., 2014) . Thus, the full extent of the Rbfox-regulated transcripts and their impact on neuronal development, function, and disease remain elusive.
The AIS is a neuron-specific cytoskeleton-based structure in the proximal part of the axon in vertebrate neurons. This structure is assembled in early post-mitotic neurons in a cell-autonomous manner, but the molecular mechanism is incompletely understood. The high density of ion channels clustered in the AIS facilitates the initiation of action potentials, and thereby the AIS modulates neuronal excitability and plasticity (Rasband, 2010) . Recent super-resolution imaging studies suggest that the backbone of the AIS is formed by a periodic cytoskeletal structure composed of actin, bIV-spectrin, and ankyrin G (AnkG, encoded by Ank3), with a well-defined 180-190 nm periodicity (Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) . The AIS lattice replaces the existing lattice composed of the actin, bII/aII-spectrin, and ankyrin B (AnkB, encoded by Ank2) that initially forms along the entire axon. The AIS-specific AnkG protein is a crucial ''interaction hub'' protein that recruits many of the AIS-localized ion channels and cell adhesion molecules, and its accumulation in the AIS is essential for establishment of the structure. However, the mechanism underlying recruitment and accumulation of AnkG at the AIS is still not well understood.
In this study, we investigated the function of Rbfox proteins and their target transcripts in neurons lacking all three Rbfox genes (triple knockout or tKO). This was achieved by combining CRISPR/Cas9 genome engineering of mouse embryonic stem cells (ESCs) (Cong et al., 2013; Mali et al., 2013) with directed in vitro differentiation of ventral spinal neurons enriched in motor neurons (Wichterle et al., 2002; Wichterle and Peljto, 2008) . This system, which mirrors in vivo spinal cord development, allowed us to define the comprehensive Rbfox splicing target network by mapping Rbfox binding sites and profiling splicing perturbations in tKO neurons. Our analysis demonstrated that loss of Rbfox leads to retention of part of the embryonic splicing program, accompanied by immature electrophysiological activity and severe defects in AIS assembly. We discovered that Rbfox-mediated exclusion of an alternative exon in Ank3 transcript increases AnkG affinity to bII-and bIV-spectrins. Constitutive expression of the embryonic (inclusion) splice isoform severely disrupts AnkG accumulation in the proximal axon resulting in a defective AIS. Our study supports a model in which AnkG-b spectrin interaction is a critical step in the AIS assembly and reveals a novel regulatory mechanism relying on an AS event of AIS components.
RESULTS
An In Vitro Maturation System that Mirrors In Vivo Neuronal Development As pan-neuronal Rbfox1/2 double null mice are not viable (Gehman et al., 2012) , we elected to study the function of Rbfox proteins in an in vitro mouse ESC differentiation system that mirrors ventral spinal cord development (Wichterle et al., 2002; Wichterle and Peljto, 2008) . To examine neuronal maturation, we cultured differentiated neural cells in the presence of neurotrophic factors to promote neuronal maturation and mitotic inhibitors to prevent expansion of glial progenitors. Neurons rapidly elaborated branched processes and increased their soma size, and by day 5 after plating, most cells fired trains of action potentials upon current injection in patch-clamp experiments ( Figures  1A and 1B) , indicative of morphological and electrophysiological maturation (Miles et al., 2004) .
To characterize the functional maturation process at the molecular level, we performed RNA-seq of the cultured neurons at three time points (days 1, 5, and 10 after dissociation and plating), representing distinct maturation stages based on neuronal morphology and electrophysiology (Table S2) . We analyzed the RNA-seq data using Splicescope, a computational tool we recently developed to stage neuronal maturation based on gene expression and splicing profiles, using the developing primary cortex as a reference (Weyn-Vanhentenryck et al., 2018) . We found that ESC-derived spinal neurons progressed from stage 1 on day 1 to stage 2 on day 5 and stage 4 on day 10, roughly equivalent to embryonic day (E)14.5, E16.5, and postnatal day (P)4 mouse cortex ( Figure 1C ).
Using stringent thresholds (jDJj R0.2 and false discovery rate [FDR] %0.05), we identified 719 cassette exons with monotonic changes (either increasing or decreasing) in exon inclusion during maturation. We compared these data with developmentally regulated exons identified in the cortex that were clustered into four modules (M1-M4) with distinct temporal profiles ( Figure 1D ; Table S2 ) (Weyn-Vanhentenryck et al., 2018) . In total, 270 exons show significant monotonic increase or decrease in exon inclusion in both systems (odds ratio = 19.4, p < 1.4 3 10 À187 , Fisher's exact test; Figure 1E ). Importantly, 95% of these exons exhibit developmental changes in the same direction, with the most pronounced changes observed for exons showing early splicing switches in module M2. Together, these observations suggest that ESC-derived ventral spinal neurons undergo in vitro maturation that parallels the normal development of neuronal tissue in vivo.
Complete Depletion of Rbfox in Neurons Results in Dramatic Splicing Changes with Minor Impact on the Steady-State mRNA Level Taking advantage of CRISPR/Cas9-mediated genome engineering, we targeted ESCs to generate an Rbfox1/2/3 tKO cell line (Figures 2A and S1A ), thus overcoming challenges associated with the functional redundancy of Rbfox proteins. The tKO line showed no apparent defects in expression of the pluripotency marker Oct4 and only a minor reduction in ESC proliferation rate ( Figures S1B and S1C ). The Rbfox tKO ESC line differentiated into neurons lacking Rbfox proteins (Figures 2A and S1D) with similar efficiency as the parental wild-type (WT) line (Figures 2B and S1E) .
To experimentally identify transcripts regulated by Rbfox, we performed RNA-seq profiling of WT and tKO neurons matured for 5 and 10 days. It has been reported that Rbfox proteins regulate mRNA stability ; however, we found only a small number of genes (5 on day 5 and 63 on day 10) with significant transcript changes in tKO neurons (>1.5 fold change, FDR <0.05; Figure 2C ). In contrast, we detected dramatic perturbation of AS upon Rbfox depletion. We initially focused on annotated cassette exons, the most common type of AS in mammals. Among these, 531 exons on day 5 and 599 exons on day 10 showed significant, well-correlated changes (jDJj R0.1 and FDR %0.05) (Figures 2D-2F ; Table S3 ). Both the number of affected exons and the magnitude of splicing changes observed in tKO neurons are much larger than those observed in recently reported Rbfox1/3 double knockdown hippocampal neurons (Figure S2 ) (548 exons in tKO neurons on day 10 versus 84 exons upon Rbfox1/3 double knockdown; only exons with sufficient read coverage in both datasets were compared), or in Rbfox1 or Rbfox2 single KO mouse brains (Gehman et al., 2011 (Gehman et al., , 2012 . When we extended our analysis to other types of AS events, including the novel ones we identified in the mouse cortex , we found 2,155 events on day 5 and 2,833 events on day 10 that show Rbfox-dependent splicing changes ( Figure 2E ; Table S3 ), in total affecting over 1,100 genes. These data demonstrate the importance of complete Rbfox depletion to uncover the full complement of AS events they regulate. The list of Rbfox-regulated exons thus provides a valuable resource to understand the function of Rbfox proteins and specific AS events in development and disease. Rbfox proteins can regulate splicing by either directly binding to the (U)GCAUG elements or by being recruited to their target transcripts as a part of a large multiprotein complex . To distinguish between the two possibilities, we mapped Rbfox1, Rbfox2, and Rbfox3 binding sites in day 10 WT neurons using HITS-CLIP. Similar to our previous analysis of mouse brains (Weyn-Vanhentenryck et al., 2014) , the binding profiles of the three Rbfox proteins were highly similar to each other (data not shown), allowing us to pool the CLIP data in subsequent analyses. Regulation of exon inclusion or skipping by Rbfox depends on the position of its binding sites relative to the alternative exon (Underwood et al., 2005; Zhang et al., 2008) . By overlaying (U)GCAUG motif sites or CLIP tags with Rbfox-dependent exons identified in tKO neurons, we found a substantial enrichment of Rbfox binding sites in the downstream intron of exons with Rbfox-dependent inclusion ( Figure S3 ; see examples in Figure 2F ), consistent with direct regulation. Interestingly, the enrichment for Rbfox binding sites in the upstream intron of skipped exons is less pronounced, suggesting that many of these events might be controlled by Rbfox indirectly or as part of a large complex.
To define the list of direct Rbfox target exons with high confidence, we performed integrative modeling of RNA-seq and CLIP data, both derived from the same spinal neuron culture, using a Bayesian network approach (Weyn-Vanhentenryck et al., 2014; Zhang et al., 2010) (Figure 2G ). Using a stringent threshold (FDR <0.01), we identified 547 annotated cassette exons as direct Rbfox targets. Among them, approximately one-third (181 exons) are ventral spinal neuron-specific targets, not predicted in the brain or other examined cell types ( Figure 2G , bottom; Table S4 ) (Weyn-Vanhentenryck et al., 2018) . Altogether, the combination of experimental evidence from WT and Rbfox tKO neurons allowed us, for the first time, to define a high-confidence set of alternative exons directly regulated by Rbfox factors.
Rbfox tKO Neurons Retain an Embryonic Splicing Program and Exhibit Immature Electrophysiological Properties
To assess the impact of Rbfox depletion on neuronal maturation at the splicing level, we compared the predicted maturation stages of Rbfox tKO neurons and their WT counterparts using Splicescope analysis. While day 10 WT neurons reached maturation stage 4, Rbfox tKO neurons remained at stage 2 (Figure 3A) . In contrast, no changes in maturation stages were inferred from the analysis of steady-state transcript levels, which is consistent with the small number of genes showing expression changes upon Rbfox depletion ( Figure 3B ).
Because Rbfox proteins regulate only a subset of alternative exons, the impact of Rbfox on the developmental splicing switches of these exons might be diluted in the analysis of the overall splicing profile. Therefore, we also predicted neuronal maturation stages of WT and Rbfox tKO neurons using only direct Rbfox target exons. Using this subset of exons, both day 5 and day 10 tKO neurons were assigned to stage 1, which is more immature compared to the stage inferred from the overall splicing profile, supporting the instrumental role of Rbfox in promoting the mature pattern of the developmental splicing program ( Figure 3C ). We note that a larger shift in maturation stages inferred from Rbfox targets is not a trivial observation, because this will not occur unless exons are regulated by Rbfox in the same developmental direction (i.e., Rbfox systematically promotes the mature splicing pattern). As a control, when known targets of several other RBPs were used for maturation staging, the difference between WT and tKO neurons diminished, especially after removal of exons co-regulated by Rbfox ( Figure S4A ). Taken together, these data provide direct experimental evidence that Rbfox proteins are instrumental in establishing the mature RNA splicing program in post-mitotic neurons.
In order to gain insight into the functional consequences of Rbfox-mediated AS, we examined gene ontology (GO) of Rbfox target genes. The target genes were overrepresented in the ''cytoskeleton'' and ''plasma membrane'' categories ( Figure 3D ; Table S5 ), consistent with the notion that neuronal morphogenesis and electrophysiological maturation involve substantial cytoskeletal and membrane remodeling. Whole-cell patchclamp recordings confirmed a functional delay in maturation of tKO neurons ( Figures 3E, 3F , S4B, and S4C), including lower rheobase (a depolarized action potential firing threshold), and a reduction in maximum firing frequency (Ziskind-Conhaim, 1988) . Additionally, Rbfox tKO motor neurons exhibited a decrease in cell body growth ( Figures S4D and S4E) , consistent with the observed reduction in capacitance and increase in input resistance.
Rbfox tKO Neurons Have Impaired AIS Assembly Due to Disorganization of AnkG Given the impairment of molecular and electrophysiological maturation of Rbfox tKO neurons, we examined genes involved (E) The total number of differentially spliced AS events in WT versus Rbfox tKO neurons (jDJj R0.1 and FDR %0.05). Novel AS events were identified in the mouse cortex transcriptome. CASS, cassette exon; TACA, tandem cassette exons; MUTX, mutually exclusive exons; ALT5, alternative 5 0 splice sites; ALT3, alternative 3 0 splice sites. in development of specific subcellular compartments, such as axons and dendrites. Strikingly, we found that 16 of 32 (50%) genes encoding AIS-enriched proteins contain at least one Rbfox-dependent alternative exon (p < 3.3 3 10 À6 ; binomial test) (Figures 4A and 4B; Table S6 ). These genes include the core AIS components Ank3 (AnkG), sodium and potassium channels (Nav1.6/Scn8a, Nav1.2/Scn2a1, and Kcnq2), adhesion molecules (neurofascin/Nfasc, Nrcam, and Adam22), and other components (AnkB/Ank2, Camk2d, and Ppp3ca).
Intrigued by this observation, we tested whether Rbfox tKO neurons exhibit defects in AIS formation by examining the AnkG localization in WT and tKO neurons. We initially focused on motor neurons, distinguished from the other spinal neurons by expression of the Hb9 (Mnx1) transcription factor (Wichterle et al., 2002) , to avoid potential differences in the maturation of individual neuronal subtypes. Compared to WT controls, AnkG immunostaining in tKO motor neurons is more heterogeneous ( Figure 5A ). Only 56% of tKO motor neurons on day 2 and 65% on day 5 have AnkG-positive segments, as compared to 78% and 95% for WT motor neurons at the same time points (p < 0.001, t test) ( Figure 5B , left panel). Moreover, even when we limited our analysis to motor neurons with detectable AIS (AnkG staining >5 mm), the length of AIS in Rbfox tKO neurons was significantly reduced at all examined time points (p < 0.001, t test) ( Figure 5B , right panel). The deficit in AnkG accumulation in AIS is not due to a global decrease in AnkG protein expression ( Figure S5A ) or an impairment of axon specification (as revealed by Tau-1 immunostaining) (Figures 5C and S5B) in tKO motor neurons. In addition to AnkG, we examined two additional AIS markers, bIV-spectrin and the potassium channel Kcnq3, which do not contain Rbfox-regulated alternative exons yet show a reduction in tKO motor neurons, indicating that the entire AIS structure is impaired ( Figures 5D, S5C , and S5D). The AIS defect is not limited to motor neurons, as similar analysis performed on Hb9-negative ventral spinal interneurons revealed a higher proportion of tKO interneurons lacking AnkG staining (25% of tKO versus 5% of WT interneurons; p < 0.01, t test) and interneurons containing AIS exhibited a significantly shorter AnkG positive segment (16.5 mm in tKO versus 24.6 mm in WT interneurons; p < 0.001, t test) (Figures S5E and S5F) . These results suggest that most, if not all, neurons rely on Rbfox proteins for effective AIS assembly. Rbfox-regulated genes include actin cytoskeleton stability regulators a-adducin (Add1) and tropomyosin alpha-1 chain (Tpm1) ( Figure 4A ; Tables S3 and S4), raising the possibility that the defect in AnkG recruitment might be secondary to a global disruption in the axonal actin-spectrin cytoskeletal lattice. We used three-dimensional stochastic optical reconstruction microscopy (3D-STORM) (Huang et al., 2008; Rust et al., 2006) to visualize and quantify the distribution of individual AnkG and actin molecules with $20 nm spatial resolution. 3D-STORM imaging of day 10 motor neurons revealed that the periodic arrangement of actin is intact in the AIS region of tKO motor neurons and comparable to its WT counterparts (Figures S6A and S6B) . In sharp contrast, the AnkG localization pattern in tKO motor neurons was severely disrupted, with only 25% of neurons showing AnkG periodicity as compared to 77% of WT motor neurons. 40% of tKO motor neurons exhibited substantially sparser distribution of AnkG without local periodicity, and 35% exhibited alternating patterns of locally high and low AnkG density, which we denote as ''patchy'' patterns that were also observed previously and might be related to clustering of K v 2.1 channels (King et al., 2014; Leterrier et al., 2015) (Figures 5E-5G and S6C) . To quantify the orderliness of periodicity, we performed a Fourier transform (Xu et al., 2013) and autocorrelation analysis (Zhong et al., 2014) to determine the presence and degree of periodicity, respectively. For most WT motor neurons and a small fraction of ''periodic'' tKO neurons, Fourier transform showed well-defined peaks around the spatial frequency corresponding to 190 nm spacing, a value similar to previous reports (Leterrier et al., 2015; Zhong et al., 2014) (Figures 5E and S6D) . Overall, WT neurons had a significantly higher degree of AnkG periodicity than tKO neurons, even with the ''periodic'' tKO subtype included (p < 0.005, Wilcoxon-Mann-Whitney test) (Figure 5F ). Taken together, our data suggest that the observed AIS defect caused by Rbfox depletion is not due to a global disruption of the axonal cytoskeleton, but rather due to a specific impairment of AnkG integration.
AIS Defects in Rbfox tKO Neurons Are Due to Loss of the Nuclear Function of Rbfox
While half of the genes encoding AIS components contain Rbfox-dependent AS exons, Rbfox has been also shown to control mRNA stability and translation (Carreira-Rosario et al., 2016; Lee et al., 2016) . To investigate which Rbfox function accounts for the AIS phenotype, we took advantage of the fact that Rbfox2 is localized strictly to the nucleus while Rbfox1 and Rbfox3 are also present in the cytoplasm of neurons . We overexpressed a 33 FLAG-tagged version of Rbfox1, Rbfox2, or Rbfox3 in tKO neurons and characterized the neurons 5 days after transfection. Quantification of immunofluorescence intensity confirmed localization of Rbfox2 to the nucleus ( Figures  6A and 6B ). While all Rbfox factors rescued AIS assembly, the level of rescue correlated with the degree of nuclear localization ( Figures 6A and 6B ). The AIS length was rescued most prominently upon overexpression of the nuclear Rbfox2 ( Figures 6C  and 6D ), or by overexpression of an Rbfox1 splice isoform with a bias toward nuclear versus cytoplasmic localization (Lee et al., 2009) (Figure S7 ). These experiments indicate that the nuclear function of Rbfox is more important for proper AIS assembly than its cytosolic function. exons might contribute to AnkG recruitment to the AIS. A 33-nt cassette exon encoding a peptide immediately upstream of the first (N-terminal) ZU5 domain (ZU5-1) was particularly interesting. This exon showed progressive exclusion in both the maturing cortex and ESC-derived ventral spinal neurons. Rbfox and two other tissue-specific splicing factors, Nova and Mbnl, bind the upstream intron, consistent with the observed skipping of the exon at the time of the AIS formation ( Figures 7B and 7C ). The ZU5-1 domain downstream of the alternatively spliced exon is required for anchoring ankyrin to the underlying actin cytoskeleton via interaction with b-spectrin Leonardo et al., 1997) . Structural modeling predicted that the peptide encoded by the alternative exon is located proximally to the two crucial arginines engaged in the interaction with spectrin repeat 14 in b-spectrins ( Figure 7A , bottom). Interestingly, despite a substantial sequence divergence, a homologous cassette exon is also present in Ank2 (AnkB), but in contrast to the exon in Ank3, this exon shows progressive inclusion during development ( Figures 7B-7D ). These observations raised the possibility that retention of the AnkG 33-nt exon in tKO neurons might play a role in the AIS assembly by interfering with the interaction between AnkG and b-spectrins. To test the role of the alternatively spliced exon, we co-expressed HA-tagged AnkG ZU5-1 domain containing the 33-nt exon (ZU5in-3 3 HA) or the mature isoform lacking the exon (ZU5ex-3 3 HA) together with FLAG-tagged bII/IVspectrin repeats 13-15 (3 3 FLAG-bII and 3 3 FLAG-bIV) in NIH/3T3 cells ( Figure 7D ). Co-immunoprecipitation analysis revealed that the mature AnkG ZU5ex isoform co-immunoprecipitated with bII-and bIV-spectrins (both of which are present in the AIS) (Figures S6E-S6G) (Zhong et al., 2014) but AnkB ZU5-1 coimmunoprecipitated only with bII-spectrin ( Figures 7E and 7F) . Importantly, inclusion of the alternatively spliced exon resulted in a significantly weaker interaction of the immature AnkG ZU5in isoform with both bII-and bIV-spectrin, consistent with the prediction that the exon weakens the ZU5-1-dependent spectrin interaction ( Figure 7E ).
To probe the relevance of the ZU-5-1 domain for AnkG recruitment and AIS assembly, we overexpressed the two AnkG ZU5-1 domain isoforms in motor neurons. The ZU5-1 domain is the minimal functional unit sufficient for interaction with b-spectrins, and it does not include any additional known functional domains (Fré al et al., 2016; He et al., 2012 ) (see also Discussion). Therefore, overexpression of the ZU5-1 domains alone was expected to act in a dominant-negative fashion by competing for b-spectrin binding with the endogenous AnkG, while minimizing additional perturbations. Four days after transfection, we observed a significant increase in the number of neurons lacking AIS and in neurons with shorter AIS characterized by weaker AnkG staining intensity ( Figures 7G and 7H) . Importantly, the overexpression of ZU5ex-3 3 HA isoform, which interacts more strongly with b-spectrins, resulted in a more severe phenotype with 25% of motor neurons showing a complete loss of AnkG staining in the AIS, while ZU5in-3 3 HA expressing motor neurons all had detectable AnkG staining ( Figure 7H ). These findings are consistent with the notion that ZU5-1 mediated interaction of AnkG with b-spectrins is important for accumulation of AnkG in the AIS of maturing neurons.
To directly test the importance of this developmentally regulated exon in AnkG, we used CRISPR/Cas9 to delete the exon in ESCs (denoted AnkGdel) and to re-insert it next to the downstream constitutive exon (denoted AnkGins), which allowed us to force the expression of the adult or embryonic isoform during motor neuron maturation ( Figures 8A, 8B , S8A, and S8B). Constitutive expression of the embryonic AnkGins resulted in an AIS phenotype that was even stronger than the one observed in Rbfox tKO neurons. Over 30% of AnkGins motor neurons lacked AnkG accumulation in the proximal axon, and the remaining cells displayed significant reduction in AIS length and in AnkG staining intensity ( Figures 8C-8E and S8C ). In addition, the AnkGins mutant neurons without AIS displayed distributed puncta of low-intensity AnkG staining along the axon and exhibited an impairment of Map2 restriction in the somato-dendritic compartment ( Figure 8D ). Together, our findings indicate that a defect in splicing of a single exon in AnkG is sufficient to disrupt the assembly of AIS, recapitulating a key phenotype observed in Rbfox tKO neurons.
To determine whether defects associated with aberrant splicing of Ank3 alone are sufficient to disrupt firing properties of maturing neurons, we performed whole-cell patch-clamp recordings of AnkGins motor neurons followed by post hoc immunostaining analysis of AnkG and Hb9. AnkGins neurons fired fewer action potentials, the action potential overshoot was reduced, and the duration was increased as a result of reduction in both the action potential rise and fall rates ( Figures 8F and  S8D ), indicative of a reduction in the AIS ion channel densities. 8H , and S8E). These data demonstrate that the developmental splicing switch in AnkG is required for the establishment of mature neuronal firing properties.
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Immunoprecipitation studies established that ZU5-1 domain lacking the alternative exon interacts strongly with b-spectrins, raising the possibility that forced exclusion of the 33-nt exon might lead to the formation of a more robust AIS. In contrast to the severe AIS defects observed in AnkGins motor neurons, almost all motor neurons with constitutive expression of the mature AnkGdel isoform in the WT background have detectable AIS, and the intensity of AnkG staining in the proximal AIS region is also comparable to that of WT control ( Figures 8C and 8E) . Interestingly, AnkGdel motor neurons exhibited a shortening of the AIS (Figure 8E ), indicating that the formation of normal AIS depends on a developmentally regulated balance between the immature and mature isoforms of alternatively spliced AnkG. Finally, we examined whether expression of the mature AnkG isoform would be sufficient to rescue AIS defects observed in Rbfox tKO neurons. Constitutive expression of AnkGdel significantly increased AnkG staining intensity in the AIS (p < 0.001, one-way ANOVA) ( Figures S8F and S8G) , and resulted in a slight increase in the number of neurons with AIS and in the length of AIS, although these differences did not reach statistical significance. Together these results suggest that deregulation of a single 33-nt exon in AnkG is an important, but not the only, contributor to the AIS phenotype observed in Rbfox tKO neurons.
DISCUSSION
Here, we studied the functional role of Rbfox proteins in neuronal maturation at the molecular and cellular levels. Rbfox proteins are well-established splicing factors that have been extensively studied in different cellular contexts, including brain, cardiac, and skeletal muscle, stem cells, and cancer (see reviews by Conboy, 2017; Kuroyanagi, 2009 ). However, Rbfox-regulated transcripts in neurons are largely undetermined and their function, especially at the cellular level, is poorly defined. This is due in large part to the co-expression of three redundant family members in neurons, which makes it challenging to perform experimental perturbation in a physiologically relevant cellular context. We overcame this challenge by using CRISPR/Cas9-mediated genome engineering in ESCs in combination with directed differentiation of ESCs to defined neuronal cell populations, which allowed us to generate Rbfox tKO neurons for the first time. We observed much more dramatic splicing changes in tKO neurons, compared to mouse brain tissue lacking individual Rbfox family members (Gehman et al., 2011 (Gehman et al., , 2012 or primary neuronal culture with simultaneous knockdown of Rbfox1 and Rbfox3 (Figure S2 ). Using this system, we identified Rbfox-dependent splicing in over 1,100 genes using stringent criteria, including 1,175 known and novel cassette exons in day 5 neurons and 1,434 cassette exons in day 10 neurons (Figure 2E) . Further integrative modeling of RNA-seq data, CLIP data, and Rbfox-binding motif sites allowed us to define 547 previously annotated cassette exons as direct Rbfox targets, and a comparable number of direct Rbfox targets among novel cassette exons (S.M.W.-V. and C.Z., unpublished data). We note that another study knocked down Rbfox1 during differentiation of human neural stem cells and reported alteration of over 900 cassette exons (Fogel et al., 2012) . However, these exons were identified using less stringent criteria (p < 0.05 without multiple test correction or filtering on DJ), and none of the changes remained statistically significant after multiple test correction (Table S1 of Fogel et al., 2012) . Therefore, the list of Rbfox-regulated exons reported in this study represents the most comprehensive and robust set so far identified in the neuronal contexts, which will be a valuable resource for studying the physiological function of Rbfox proteins and their downstream targets in the nervous system.
We found that Rbfox-regulated exons are enriched in genes involved in cytoskeletal remodeling, neurite outgrowth, and synaptic formation or function. Rbfox tKO neurons offer a unique opportunity to elucidate the functional consequences caused by disruption of these alternative exons during neuronal maturation. We determined that Rbfox tKO neurons exhibit morphological and electrophysiological features that resemble immature neurons, which is consistent with the failure to properly execute part of a developmental splicing program. Further analysis of Rbfox-regulated alternative exons led to an unexpected discovery that Rbfox factors control AS of about half of characterized AIS components and play a crucial role in its assembly and function. Super-resolution microscopy imaging of AIS components revealed that the AIS defects observed in Rbfox tKO neurons are not due to general disruption of the periodic actin cytoskeletal lattice, but result from the failure of AnkG to integrate into the lattice. The AIS defects are consistent with our observation that Rbfox tKO neurons are less excitable compared to WT controls. Interestingly, neuronal excitability was also reported to be reduced in Purkinje cells upon simultaneous cell-type-specific depletion of Rbfox1 and Rbfox2 (Purkinje cells do not express Rbfox3) (Gehman et al., 2012) , but the cause of this defect has not been determined. Our study suggests a novel AS-based mechanism to modulate neuronal excitability by regulating the AIS assembly.
We pursued a detailed analysis of an Ank3 (AnkG) alternative exon based on its developmental splicing pattern and its predicted role in modulating ankyrin-spectrin interaction. This alternative exon has also diverged from a homologous exon in Ank2 (AnkB) in terms of both sequence and the direction of splicing regulation (maturation-dependent exclusion in Ank3 versus inclusion in Ank2), suggesting that the AnkG exon might have (legend continued on next page) evolved a unique role in modulating AnkG insertion into the cytoskeleton and its function in maturing neurons. Indeed, the importance of this exon was supported by multiple lines of evidence demonstrating its role in the modulation of AnkG affinity to bIIand bIV-spectrins. Most strikingly, the AIS defects and disruption of action potential firing were largely recapitulated upon forced expression of the immature AnkG inclusion isoform in WT neurons. Unexpectedly, some of the defects observed in tKO neurons were corrected in more mature neurons. Even the splicing change of the AnkG exon is larger on day 5 than on day 10, indicating compensatory splicing-regulatory mechanisms that might be mediated by other splicing factors, like Nova or Mbnl. Indeed, constitutive inclusion of the alternatively spliced exon in AnkGin neurons resulted in more severe AIS defects than the one observed in Rbfox tKO neurons, providing further support to the notion that the described AIS phenotypes can be to large extent attributed to the defective splicing of AnkG.
Combining what is known from previous studies and the current work, we propose the following model of AIS assembly. The AIS assembly is preceded by establishment of the axonal membrane cytoskeleton consisting of the AnkB-bII-spectrinactin periodic lattice (Zhong et al., 2014) (Figures S6F and  S6G ). This is followed by recruitment and accumulation of AnkG in the proximal axon. Multiple mechanisms likely contribute to this process, including direct AnkG interaction with bII-spectrin (as observed in this study and reported in the lateral membrane of epithelial cells) , with the microtubule end-binding proteins EB1/3 (Fré al et al., 2016; Jenkins et al., 2015; Leterrier et al., 2011) , and with the plasma membrane through its N-terminal palmitoylation (He et al., 2012) . Subsequently, AnkG recruits ion channels, cell adhesion molecules, and bIV-spectrin that partially replaces bII-spectrin in the proximal axon, thus forming the mature AIS (Hedstrom et al., 2008) . This model is consistent with the observation that recruitment of AnkG and AIS assembly are disrupted by depletion of bII spectrin (Galiano et al., 2012) , but not by depletion of bIV-spectrin Yang et al., 2007) . Genetic ablation of AnkG impairs the recruitment of its binding partners and leads to failure of AIS establishment . Previous studies established the importance of the interaction between AnkG ZU5-1 domain and bIV-spectrin for the long-term stability of AIS (Komada and Soriano, 2002; Uemoto et al., 2007) . Our data extend the existing model of AIS assembly by showing that AnkG is able to bind to both bIV-and bII-spectrin via the ZU5-1 domain, and importantly, the interaction affinity is developmentally modulated by the Rbfox-regulated alternative exon in AnkG. Skipping of the exon during early stages of neuronal maturation allows high-affinity interaction of AnkG with bII-spectrin that likely contributes to initial recruitment and stabilization of AnkG in the proximal axon by its tethering to the actin-spectrin cytoskeletal lattice. Therefore, Rbfox-proteins play an important role in the establishment of AIS, demonstrating the importance of AS as a powerful mechanism to modulate the dynamic, highly regulated process of neuronal maturation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Cell Culture
Mouse embryonic stem cells (ESCs) were cultured in EmbryoMax DMEM (EMD Millipore) supplemented with 15% embryonic stem cell screened fetal bovine serum (HyClone), 2mM L-glutamine (Life Technologies), 1x non-essential amino acids EmbryoMax MEM (EMD Millipore), 1x EmbryoMax nucleosides (EMD Millipore), 0.1mM b-mercapthoethanol (Sigma-Aldrich), 100U/ml penicillin-streptomycin (Life Technologies), 1000U/ml ESGRO Leukemia inhibitory factor (EMD Millipore), 2.5 mM GSK-3 inhibitor XVI (EMD Millipore) and 50nM FGF receptor antagonist PD173074 (Tocris). NIH 3T3 cells were grown in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 2mM glutamine (Life Technologies), and 100U/ml penicillin-streptomycin (Life Technologies). All cells were determined to be negative for mycoplasma using the Venor GeM Mycoplasma detection kit (Sigma-Aldrich).
METHOD DETAILS CRISPR/Cas9 genome engineering
We generated a plasmid construct to express the Cas9 enzyme with a self-cleavable mCherry reporter (Cas-p2A-mCherry), which was used in combination with a gRNA plasmid previously generated (Mali et al., 2013) . Mouse embryonic stem cells (ESCs) were transfected with these plasmids, together with an ssDNA oligo used as a donor for homologous recombination. The ssDNA used to generate Rbfox1-3 null mutants consists of two homologous arms designed based on the region of interest, two consecutive stop codons (6 nt), and a single SpeI restriction site (6 nt) for homozygous clone selection. The first nucleotide of the restriction site is shared with the last stop codon, which results in a downstream frameshift due to the 11-nt insertion. The stop codons and the additional frameshift were designed to disrupt Rbfox translation upstream of its RNA-binding domains ( Figure S1A ). After 24 hours of expression, the cells were harvested and subject to FACS analysis using the mCherry reporter. A portion of the mCherry+ cells was used for estimating the number of mutant cells in population (typically 20%-40%) by PCR and restriction digestion analysis. The rest of the cells were cultured further at low density to pick individual clones that were expanded for genotyping and further culturing. The knockout clones were identified using two rounds of PCR genotyping. The first round of genotyping using F1+R primers identified clones with insertion mutation. The positive clones were subjected to the second round (F2+R) of genotyping combined with restriction digestion of the PCR product to identify homozygous mutant clones. PCR products of homozygous clones were sequenced by Sanger sequencing to assure that there are no additional mutations in adjacent regions. Rbfox1-3 triple knock out (tKO) was generated by serial mutation of each individual Rbfox gene. AnkG mutant mES cell lines were generated similarly. Exon deletion was achieved by cleavage of two gRNAs flanking the targeted region followed by non-homologous end joining. Exon insertion was achieved by homologous recombination as described above. We generated 3-4 ESC knockout clones for each of the genotypes. Each biological replicate of subsequent experiments was performed using a different knockout clone. All experiments described this study were performed using at least three biological replicates unless specified explicitly.
Motor neuron differentiation and culture ESCs were differentiated into spinal neurons in embryoid bodies following an established protocol (Wichterle et al., 2002; Wichterle and Peljto, 2008) . After 6 days of differentiation, embryoid bodies were dissociated and neurons were plated on polyornithine/laminin coated plates in maturation media (Advanced DMEM/F12 (Life Technologies) + Neurobasal medium (Life Technologies) (1:1), 2mM L-glutamine (Life Technologies), 1x B-27 Supplement (serum free) (Life Technologies) containing neurotrophic factors (10ng/ml BDNF (Peprotech), 5ng/ml GDNF (R&D Systems), 7 mM TRO1962 (Thermo Fisher Scientific), and 1 mM 5 0 -fluoro-2 0 -deoxyuridine (Sigma-Aldrich) to inhibit proliferation of the undifferentiated cells). Half of the media was periodically replaced every two days starting from one day after plating. Non-neuronal cells were depleted by day 5 of maturation and no contamination with oligodendrocytes or astrocytes was detected based on marker expression in RNA-seq profiling (e.g., Olig2 and GFAP). This pure neuronal culture contains on average 40% of motor neurons.
Motor neuron survival analysis
We performed a comparative survival analysis taking advantage of the motor neuron-specific GFP reporter (Hb9::GFP) in the wildtype (WT) and Rbfox tKO ESC lines used in this study. We mixed Rbfox tKO GFP-positive motor neurons with an equal number of WT motor neurons with a Hb9::RFP reporter. Quantification of GFP-and RFP-positive motor neurons on day 5 and day 10 revealed no discernable difference in the survival rate of tKO and control motor neurons ( Figure S1E ).
Purification of motor neurons
To avoid contamination with non-neuronal cells on day 1, the motor neurons were FACS sorted before plating based on transiently expressed Hb9::GFP reporter. The GFP fluorescence was at a background level after the first day in culture and it did not interfere with subsequent immunostainings. The sorted motor neuron culture contained on average 75%-80% motor neurons. The sorted WT and tKO neurons used for electrophysiological measurements were cultured with primary mouse cortical astrocytes prepared as described previously (Miles et al., 2004) . The maturation media contained neurotrophic factors (10ng/ml BDNF, 5ng/ml GDNF), and 1 mM 5 0 -fluoro-2 0 -deoxyuridine (during the first 5 days).
RT-PCR validation of splicing quantification
To measure exon inclusion, 2 mg of total RNA was reverse transcribed using SuperScript III Reverse transcriptase (Invitrogen) in 20 mL reaction with oligodT primer (f.c. 0.5 mM) and random hexamer primers (f.c. 0.5 ng/ml), the cDNA was PCR amplified for 34 cycles and resolved by electrophoresis in 2% agarose gel with 1x Gelred (Biotium) for visualization. PCR primers are listed in Table S1 .
RNA-seq library preparation
For each genotype, two or three independent sets of parallel differentiations (biological replicates) were performed to collect RNA which was subject to paired-end RNA-seq analysis (except for one day 1 WT motor neuron sample for which single-end sequencing was performed). RNA-seq libraries were prepared following the standard Illumina TruSeq poly-dT library preparation protocol and sequenced on the Illumina HiSeq 2000 platform (101-nt reads).
HITS-CLIP library preparation
Rbfox HITS-CLIP experiments were performed following the BrdU-CLIP protocol as described previously (Weyn-Vanhentenryck et al., 2014) . For each library $10 million cells were used. The resulting PCR amplified cDNA libraries were sequenced on the Illumina HiSeq 2000 platform (single-end 101-nt reads).
Analysis of RNA-seq and HITS-CLIP data RNA-seq data were mapped by OLego v1.1.2 to the reference genome (mm10) and a comprehensive database of exon junctions was provided for read mapping. Gene expression and splicing of known and novel AS events were quantified using the Quantas pipeline (https://zhanglab.c2b2.columbia.edu/index.php/Quantas), as we described previously . Differential gene expression was detected using edgeR as part of the Quantas pipeline (> 1.5 fold change, FDR < 0.05 and RPKM greater than median in WT or tKO).
To identify exons with differential splicing in two compared conditions, a Fisher's exact test was used to evaluate the statistical significance of splicing changes using both exonic and junction reads that support each of the two splice isoforms. The false discovery rate (FDR) was estimated by the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) . An AS event was called differentially spliced in the two compared conditions with the following criteria: coverage R 20, Benjamini FDR % 0.05, and jDJ j R 0.1 or 0.2 as indicated.
Rbfox HITS-CLIP data were analyzed using the CTK package, as described previously (Shah et al., 2017; Zhang and Darnell, 2011 ) and more details can be found on our supporting website (https://zhanglab.c2b2.columbia.edu/index.php/CTK). Due to long (101-nt) reads in these experiments, we removed 3 0 adapters before collapsing exact PCR duplicates. Filtered reads were mapped by bwa (Li and Durbin, 2009 ), followed by a second step of duplicate collapsing to identify unique CLIP tags using a model based approach. CLIP tag clusters were identified by grouping overlapping CLIP tags in combination with a valley seeking algorithm, and the statistical significance of CLIP tag cluster peak height was evaluated as described previously (Shah et al., 2017) .
Rbfox splicing-regulatory network in motor neurons
We used an integrative modeling approach to define direct Rbfox target exons in motor neurons, as described previously (Weyn- Vanhentenryck et al., 2014; Zhang et al., 2010) . Rbfox-dependent splicing in both day 5 and day 10 motor neurons were used as evidence of splicing changes in the Bayesian network analysis. Rbfox1-3 pooled CLIP tag cluster scores in motor neurons were used as evidence of Rbfox binding. The use of the other datasets, model training, cross validation and prediction were the same as we described previously (Weyn-Vanhentenryck et al., 2014) . In total, 547 cassette exons were predicted as direct Rbfox targets in motor neurons with FDR % 0.01. Among these, we were able to determine the direction of splicing regulation for 534 exons with probability of activation or repression R 0.7.
Gene ontology (GO) analysis GO enrichment analysis was performed using the online tool DAVID (Dennis et al., 2003) . Genes with cassette exons regulated by Rbfox, as defined by Bayesian network analysis, were compared with all genes having at least one cassette exons with sufficient read coverage (R20).
Evaluation of neuronal maturation based on the splicing or gene expression profile We defined 6 distinct maturation stages from the mouse cortex data E14.5, E16.5, P0, P4, P7, and P15 or older, which were represented by stages 1-6. P15 or older were grouped as one stage because of high correlation between samples after P15. For each motor neuron sample, we obtained the splicing profile of 1,909 annotated module cassette exons defined in the cortex reference, which was used to assign the sample to a specific maturation stage by comparison to the cortex reference. To evaluate the contribution of the four specific RBP families we focused on to neuronal maturation, we also predicted neuronal maturation stages based on the splicing profile of their target exons. More detail of the method was described in Weyn-Vanhentenryck et al. (2018) .
Immunofluorescence analysis
The standard immunolabeling procedure started with paraformaldehyde fixation (4% paraformaldehyde in 1x PBS) for 10 min at room temperature. Coverslips were washed three times with 1xPBS and permeabilized/blocked for 30 minutes with Blocking buffer (1x PBS, 10% horse serum, 0.2% Triton X-100, 0.05% sodium azide). The primary antibodies were diluted in Antibody buffer (1x PBS, 5% horse serum, 0.2% Triton X-100, 0.05% sodium azide) and applied on coverslips for overnight incubation at 4 C in humidified chamber. After three washing steps with 1xPBS, the secondary antibodies in Antibody buffer were applied and the coverslips were incubated for 2 hours at 4 C. Next, the coverslips were washed three times with 1x PBS and mounted on slides with Aqua Poly/Mount (Polysciences).
Whole cell current clamp Excitability was assessed using conventional whole cell current clamp technique. Briefly, astrocytes were prepared as previously described (Miles et al., 2004) and plated on 15-mm diameter coverslips at a density of 100,000 cells per well in a 24-well plate. 4-10 days following astrocyte plating, either FACS sorted motor neurons in the WT versus tKO experiment, or non-sorted motor neurons in the WT versus AnkGins experiment were added to the wells at a density of 50,000 cells per well. Cultures were maintained for 5 days before recording. Membrane potential recordings were performed using a Multiclamp 700B amplifier and a Digidata 1550 digital-to-analog converter. Signals were recorded at a 10-kHz sample rate using pClamp 10 software (all equipment from Molecular Devices). Patch pipettes were fabricated with a P-97 pipette puller (Sutter Instruments) using 1.5 mm outer diameter, 1.28 mm inner diameter filamented capillary glass (World Precision Instruments). Pipette resistance was 2-5 MU when filled with the pipette solution. The external recording solution contained 145 mM NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl 2 and 2 mM MgCl 2 . The pH was adjusted to 7.3 using NaOH and the osmolality adjusted to 325 mOsm with sucrose. The pipette solution contained 130 mM CH 3 KO 3 S, 10 mM CH 3 NaO 3 S, 1 mM CaCl 2 , 10 mM EGTA, 10 mM HEPES, 5 mM MgATP and 0.5 mM Na 2 GTP (pH 7.3, C). During recordings, current was injected to hold the cells at À60 mV. The liquid junction potential between pipette and external solutions was calculated empirically, and the correction applied before the experiment. Resting membrane potential was measured immediately following establishment of the whole-cell configuration. Membrane resistance and capacitance were calculated from the membrane potential changes in response to 1 s duration hyperpolarizing current steps that increased incrementally by 5 pA. Action potentials were evoked and rheobase obtained using 1 s duration depolarizing current steps that increased incrementally by 5 pA.
An action potential was defined as a transient depolarization of the membrane which had a minimum rise rate > 10 mV/ms and reached a peak amplitude > 0 mV. Action potential characteristics were measured from the first action potential at rheobase. The threshold potential was measured at the point where the voltage increases at a rate greater than 10 ms/mV. The duration was calculated from the full width at the half maximum voltage. For this calculation, the amplitude was measured from the threshold potential to the maximum potential. The maximum number of action potentials was measured from a 1 s current step. The amplitude of the step was dependent on the individual cell. Quantification was carried out using custom written scripts for Igor Pro v. 6 (Wavemetrics, USA) and R v. 3 (www.R-project.org). Outliers within Rheobase, Input Resistance, and Capacitance, that would indicate a poor seal, were identified using the ROUT method (Q = 0.5%) in GraphPad Prism version 7.0a for Mac, GraphPad Software, La Jolla California USA (https://www.graphpad.com). For each outlier detected, data from the entire neuron was removed from the analysis. For the WT and tKO, recording data from 3 and 7 neurons respectively were removed and for the WT and AnkGins, recording data from 3 neurons was removed from each group. Statistical comparisons were made using unpaired Student's t test in GraphPad Prism. P values < 0.05 were considered significant.
Axon initial segment analysis
Motor neurons plated on primary cortical astrocytes were imaged using a laser-scanning confocal microscope (LSM 800, Zeiss) using a 40x oil-immersion objective. The settings were adjusted to prevent signal saturation and the images were taken in z stacks with 0.49 mm steps. Z stack images were projected into a single plane using maximum intensity projections and imported into MATLAB computer software (MathWorks) for AIS analysis using a custom program as previously described (Grubb and Burrone, 2010) . Briefly, the software automatically determines AIS length based on AnkG fluorescence intensity profile along a semi-automatically traced path. The cutoff intensity for AIS start/end was set to 1/3 of the maximum intensity as recommended in the original study. The motor neurons with no detectable AnkG immunostaining or with immunostaining shorter than 5 mm (puncta) were categorized as AIS(-) motor neurons. It should be noted that the majority of AIS(-) neurons showed weak AnkG puncta throughout the axon ( Figure S5B ).
STORM imaging
10 days matured neurons plated on primary cortical astrocytes were washed with 1x PBS and immediately fixed. For AnkG STORM imaging, the cells were fixed with 4% paraformaldehyde for 20 minutes and washed with 1xPBS. For actin filament imaging, the cells were first fixed/permeabilized with 0.3% (v/v) glutaraldehyde and 0.25% (v/v) Triton X-100 in cytoskeleton buffer (10mM MES, pH6.1, 150mM NaCl, 5mM EGTA, 5mM glucose and 5mM MgCl 2 ) for 1min, and then post-fixed for 25min in 2% (v/v) glutaraldehyde in cytoskeleton buffer. The glutaraldehyde-fixed samples were treated with freshly prepared 0.1% (w/v) sodium borohydride in 1xPBS for 2x 5min. All coverlips were stored in 1x PBS with 20mM sodium azide and stained within 2 weeks.
The fixed coverslips were incubated with STORM blocking buffer (3% bovine serum albumin (BSA), 0.1% Triton X-100 in 1x PBS) and stained with corresponding primary antibodies at 4 C overnight. After washing with 0.3% BSA and 0.01% Triton X-100 in 1xPBS, secondary antibody (2.5 mg/ml) labeling was performed at room temperature for 1 hour. For actin labeling, samples were incubated with Alexa Fluor-647 conjugated phalloidin (0.4 mM) (Life Technologies, A22287) for 45 minutes at room temperature, and briefly washed with 1x PBS before imaging.
3D-STORM imaging was performed on a homebuilt setup based on a Nikon Eclipse Ti-U inverted optical microscope with an oil immersion objective (Nikon CFI Plan Apochromat l 100x, NA 1.45). Lasers at 647 (MPB Communications) and 405 (Coherent) were coupled into an optical fiber after an acousto-optic tunable filter and then introduced into the sample from the back focal plane of the microscope. The laser beams were shifted toward the edge of the objective with a translation stage, making incidence angles slightly smaller than the critical angle of the glass-water interface. Continuous illumination of 647 nm laser ($2kW cm -2 ) was used to excite Alexa Fluor 647 molecules and switch them into the dark state. Illumination of the 405 nm laser (0-1 W cm -2 ) was tuned during image acquisition so that any given instant, only a small fraction of fluorophores in the sample were in the emitting state, which is optically resolvable. For z position determination, a cylindrical lens was inserted between the electron-multiplying charge-coupled device (EMCCD) camera (iXon Ultra 897, Andor) and the microscope, so that images of single molecules were elongated in x and y for molecules proximal and distal sides of the focal plane (relative to the objective), respectively. Imaging buffer used was 100 mM Tris-HCl (pH7.5) containing 140 mM cysteamine, 5% glucose, 0.8 mg.ml -1 glucose oxidase and 40 mg.ml -1 catalase.
Recorded STORM movies were analyzed according to previously described methods (Huang et al., 2008; Rust et al., 2006) . Spatial localization of molecules was determined from the centroids of 2D-Gaussian fit (for x and y) and ellipticity (for z) of single fluorescent molecules. Molecules in single frames were added up and drift-corrected by cross-correlation analysis of every $200 frames. Fourier transform analysis was performed with a custom-written MATLAB program (Xu et al., 2013) . Fluorescence intensity along the axial direction of the ROI was measured and subject to 1D-Fast Fourier Transform (FFT). The spatial frequency at the peak of FFT curve was taken as the frequency with maximal probability, whose reciprocal gave the period. Autocorrelation curves were plotted with a custom-written MATLAB program, where the autocorrelation function of fluorescence intensity was computed by shifting the data along the axon and quantifying the extent of correlation. The autocorrelation amplitude was defined as the difference between the first peak and the average of two neighboring valleys (Zhong et al., 2014) .
Structural modeling of AnkG ZU5-1 and bIV-spectrin We used the previously solved structure of the homologous AnkR ZU5-1 domain together with the bI-spectrin repeats 13-15 (PDB: 3KBT) (Ipsaro and Mondragó n, 2010) and UCSF Chimera (v1.11) (Pettersen et al., 2004) was used for visualization. This structure suggested that two arginines and an alanine of ZU5-1 are engaged in interaction with b-spectrin (shown in red in Figure 7A ). We used the I-TASSER protein structure prediction software (Yang et al., 2015) to model the structure of bIV-spectrin and AnkG ZU5-1 with alternative exon inclusion (shown in orange in Figure 7A ) and found that the peptide encoded by the alternative exon is predicted to localize proximally to the two crucial arginines at the interface of protein-protein interaction.
Co-immunoprecipitation of AnkG ZU5-1 isoforms and bIV-spectrin AnkG ZU5-1 domain isoforms were cloned into a pCAGGS-GOI-3xHA vector. bIV-spectrin repeats 13-15 were cloned into pCAGGS3xFLAG-GOI vector from mouse cortex cDNA using primers indicated in Table S1 .
4 mg of plasmid DNA for each construct were used for transfection (Lipofectamine 3000, Invitrogen,) of a single 80% confluent 6cm dish of NIH/3T3 cells. 24hrs after transfection, the plates were carefully washed twice with ice-cold 1x PBS and the cells were lysed directly on the plate by addition of 400 mL of Lysis buffer. The lysate was collected using a plastic cell scraper, transferred into a microcentrifuge tube, further resuspended by passing 8x through a 26G needle attached to a 1ml TB syringe and incubated on ice for 20 minutes.
The soluble fraction of the cell lysate was separated by centrifugation (14,000rpm, 20minutes, 4 C) and transferred into a new microcentrifuge tube. 28 mL of the soluble fraction from each sample was aliquoted and mixed with 10 mL of 4xLDS buffer and 2 mL of 1M DTT. The remaining lysate was mixed with the magnetic beads and incubated 1hr on a rotating device at 4 C. The beads were then washed 2x with Wash buffer, transferred into a new tube and washed two more times with Wash buffer. After removal of the last wash, the beads were collected and the bottom of the tube by a brief spin in microcentrifuge (3 s) and the remaining liquid was removed. The protein was eluted by addition of 28 mL water, 10 mL of 4xLDS buffer and 2 mL of 1M DTT and boiling for 5 minutes at 90 C. 10 mL of each sample was separated on 15-well 10% Bis-Tris PAGE gel (Thermo Fisher Scientific), transferred onto nitrocellulose membrane using X-cell blot wet transfer set up and the protein was detected using standard western blot protocol with anti-FLAG HRP (1:3000, or anti-HA HRP (1:3000) antibodies.
Immunoprecipitation of bII and bIV-spectrin was performed using Dynabeads Protein G (Thermo Fisher Scientific, 10004D) and anti-FLAG M2 antibodies (Sigma-Aldrich). 25 mL of magnetic beads per sample were washed 2x with Binding buffer (1x PBS, 0.05% Tween 20), mixed with 2.5 mg antibodies diluted in Binding buffer, and incubated overnight or at least 2hrs on a rotating device at 4 C. After the incubation, the beads were washed 2x with Wash buffer (50mM HEPES pH7.5, 150mM NaCl, 1% NP-40, 1mM EDTA) and 1x with Lysis buffer (50mM HEPES pH7.5, 100mM NaCl, 1% NP-40, 1mM EDTA, cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich)).
Gene overexpression in maturing motor neurons
To overexpress proteins in motor neurons, we trypsinized differentiating embryoid bodies on day 4 of in vitro differentiation (motor neuron progenitors) and nucleofected 5 3 10 6 cells with 5 mg of plasmid DNA using Amaxa mouse NSC nucleofector kit (nucleofector setting B-16) (Lonza). For Rbfox rescue experiments, we used full-length Rbfox1, Rbfox2 or Rbfox3 cloned into pCAGGS-3xFLAG-GOI vector. For the competition with the dominant negative ankyrin G ZU5-1 isoforms, we used constructs described above. The empty vector was used as control in these experiments. The transfected cells were plated on polyornithine/laminin coated plates and cultured in motor neuron maturation media with neurotrophic factors (10ng/ml BDNF, 5ng/ml GDNF) and 5 mM DAPT to improve differentiation efficiency of the dissociated cells. After the first day, the maturation media was completely removed and replaced with fresh media without DAPT and with addition of 1 mM 5 0 -fluoro-2 0 -deoxyuridine to prevent proliferation of undifferentiated cells. Typically, the transgene overexpression was observed in 30%-40% of motor neurons. The AIS was analyzed using confocal microscopy as described above.
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